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AuThe adsorption and oxidation of glycine on Au surface are studied by cyclic voltammetry coupled with in situ
surface-enhanced infrared spectroscopy. The infrared spectra deﬁnitely indicate that glycine is adsorbed on
the electrode with two oxygen atoms directing the Cα–C bond perpendicular to the surface. During glycine
oxidation, cyanide is formed and oxidized to cyanate at high potentials. It is also shown that ureylene birad-
ical species (deprotpnated urea) bonded to the surface via two nitrogen atoms is formed on oxidized Au sur-
face. Combining experimental results reported in the literature, the mechanism of glycine electrooxidation is
discussed.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Amino acids are the building blocks of proteins and simple models
which provide a starting point for research ultimately aimed at under-
standing much more complex systems. There has been considerable
interest in the adsorption and oxidation of simple amino acids owing
to growing importance of technologies based on the interaction of bi-
ological molecules with surfaces. Studying how surfaces inﬂuence the
conformations and properties of biological species, information pre-
requisite for developing biosensors and biocompatible materials will
be gained.
Glycine is the simplest amino acid. Its adsorption and oxidation on
Pt and Au electrodes have been studied intensively in acidic or alkaline
solutions by infrared reﬂection absorption spectroscopy (IRAS) [1–3],
surface-enhanced infrared absorption spectroscopy in the ATR mode
(ATR-SEIRAS) [3], surface-enhanced Raman spectroscopy [4] as well
as electrochemical techniques [5]. The spectroscopic studies showed
that cyanide, cyanate, and CO are formed by dissociative adsorption
or oxidation of glycine and adsorbed on the electrode surface, while
chemical and gas chromatographic analyses detected many productsChang),
.V. Open access under CC BY-NC-ND liincluding ammonia, formaldehyde, ethylamine, and CO2 [5]. The vari-
ety of the products suggests that the oxidation of glycine is a complex
reaction involving both electrochemical and pure chemical reaction
processes. Nevertheless, the reaction mechanism has not been fully
understood yet. Additionally, the reaction has not been examined in
neutral solution, which is the most important condition for applica-
tion of biomolecules.
The aim of the present study is to provide further insight into
the adsorption and oxidation of glycine in neutral solution using
ATR-SEIRAS coupled with cyclic voltammetry. ATR-SEIRAS has much
higher sensitivity and interface selectively than IRAS, and facilitates
the detection of species adsorbed on the electrode surface without
serious interference from the bulk solution [6]. Glycine oxidation can
be discussed by combining the information from ATR-SEIRAS with
the product analyses reported in the literature.2. Experimental
Experimental details of ATR-SEIRAS were described elsewhere [6].
Infrared spectra were recorded on a Bio-Rad FTS 60A/896 equipped
with an HgCdTe detector and a homemade single-reﬂection accessory
(incident angle of 60°). The spectrometer was operated with a resolu-
tion of 4 cm−1 and 25 interferogramswere coadded to each spectrum.
The acquisition time was about 0.95 s per spectrum. All spectra are
shown with the absorbance units deﬁned as A = − log (I/I0), where
I and I0 represent the intensities of the infrared radiation reﬂected
from the electrode with and without adsorbates, respectively. All
measurements were carried out at room temperature.cense. 
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design. The working electrode was a gold thin ﬁlm prepared on the
ﬂat surface of a Si hemi-cylindrical prism (Pier Optics, Tatebayashi,
Japan) by an electroless deposition technique [7]. A Pt mesh and
an Ag/AgCl (saturated KCl) were used as the counter and reference
electrodes, respectively. After being rinsed with Milli-Q water, the
Au surfacewas cleaned in 0.1 MH2SO4 by several oxidation–reduction
cycles in the range between 0.1 and 1.4 V. A potentiostat (EG & G
PARC, model 263A) was used to control electrode potential and to re-
cord cyclic voltammograms (CVs).
Electrolyte solution, 0.1 M phosphate buffer (PB) of pH 7, was pre-
paredwithMilli-Qwater, KH2PO4, and K2HPO4 (Wako Pure Chemicals).
The solution was deaerated with high-purity Ar gas prior to each ex-
periment. Reagent grade glycine (Sigma) was used without further
puriﬁcation.Fig. 2. (A) SEIRA spectra of the Au electrode surface simultaneously collected with the
CV in Fig. 1 (solid trace). Each spectrum is an average of 10 mV interval. (B) Potential
dependence of the integrated intensities of band a (1400 cm−1), band b (1700 cm−1),
and band c (2120 cm−1). The potential dependence of the intensity of band d
(2178 cm−1) was similar to that of band b but was omitted in this ﬁgure to avoid com-
plexity. The CV recorded simultaneously is superposed for a comparison.3. Results and discussion
A CV for the Au electrode in PB solution shows the features charac-
teristic of polycrystalline Au (Fig. 1, dotted trace). In the presence of
glycine, a larger oxidation current ﬂows (solid trace). Although the
peak current is smaller, the area of the reduction peak (i.e., the charge)
is the same as that in pure PB solution, implying that glycine is irre-
versibly oxidized at E > 0.6 V and some species is adsorbed on the
surface.
A set of SEIRA spectra collected simultaneously with the CV is
presented in Fig. 2A, where the spectrum recorded at 0.25 V in the
glycine-free solution was used as the reference. The reference poten-
tial was chosen to minimize the water bands in glycine-free solution.
A band characteristic to adsorbed phosphate was observed around
1100 cm−1 as a “negative” peak over the potential range examined,
indicating that glycine and other products are adsorbedmore strongly
than phosphate, and hence the anion does not affect the adsorption
and oxidation of glycine so signiﬁcantly. On the positive-going scan
from −0.5 to 1.0 V, a band emerges at 1400 cm–1 (band a) and
growswith increasing potential. Associatedwith the surface oxidation
(that can be known from the rising of the baseline), band a disappears
and a new spectral feature appears. The spectral changes are reversed
on the negative-going scan back to−0.5 V. In this case, an additional
new band emerges at around 2120 cm−1 (band c). This band appears
after the reduction of surface oxide and grows with decreasing poten-
tial (Fig. 2B), while its vibrational frequency linearly blue-shifted at a
Stark tuning rate of 20 cm−1 V−1. These characteristics are in good
accordance with cyanide adsorption [8].Fig. 1. CVs for the Au electrode in phosphate buffer solution (pH 7) with (solid trace)
and without (dashed trace) 5 mM glycine. Scan rate was 10 mV s−1.Two selected spectra recorded at 0.45 and 0.95 V on the positive-
going potential scan are shown in Fig. 3 for better understanding. The
spectrum at 0.45 V is very similar to that of glycine in the solid state
(i.e., the zwitterion, NH3+CH2COO−) [9] except for the strong bands at
1650 cm−1 apparently assigned to the bending mode of water most
likely hydrogen bonded to adsorbed glycine because it grew synchro-
nously with the glycine bands. The bands at 1590 and 1545 cm−1 canFig. 3. Selected SEIRA spectra at (a) 0.45 and (b) 0.95 V from Fig. 2A (red spectra). The
blue spectra were recorded in D2O solution. Other conditions were the same as those in
Fig. 2A. Inset: SEIRA spectrum acquired at 0.95 V in the phosphate buffer solution
containing 1 mM urea.
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other bands at 1455, 1400, and 1335 cm−1 are assigned to CH2 bending,
δ(CH2), COO− symmetric stretching, νs(COO−), and CH2 wagging,
ρw(CH2), respectively [3,9]. The zwitterion should have a strong NH3+
symmetric deformation mode, δs(NH3+), around 1500 cm−1 [9], but
the corresponding band is not observable.
To remove the interference from the water band, the same experi-
ments were carried out in PB solution prepared with D2O. As shown
in Fig. 3a, the spectral features are similar in the both solvents, implying
that the H-D exchangewas negligible during the experiment (about 1 h
after preparing the solution). Owing to the removal of thewater band, a
very weak band at 1615 cm−1 assignable to COO− anti-symmetric
stretching, νas(COO−), [9] is identiﬁed. The νs(COO−) and νas(COO−)
modes have dynamic dipole moments along and perpendicular to the
Cα–C bond, respectively. On the basis of the surface selection rule in
SEIRAS [10], the result indicates that glycine is adsorbed on the elec-
trode surface with two O atoms of the COO group in a bridge-bonded
conﬁguration, as in the case of formic acid [11–13] and acetic acid
[14]. Taking into account that the CαH2 plane and Cα–N bond are largely
tilted from the Cα–C bond, the missing of the δs(NH3+) mode and very
weak δ(CH2)mode deﬁnitely indicates that the Cα–C bond is essentially
perpendicular to the surface. This orientation is the same as observed in
acid [3].
At more positive potentials in the Au surface oxidation region,
the characteristic bands of the zwitterion decrease in intensity and
new bands emerge at 2178, 1700, and 1605 cm−1 (shoulder on the
water band at 1650 cm−1), and 1550 cm−1. The latter three bands
can be identiﬁed more clearly in D2O owing to the absence of the
water band (Fig. 3b). The band at 2178 cm−1 has been assigned to the
ν(CN) of cyanate bonded to the Au surface via nitrogen atom [15]. Pre-
vious reports [1,2,16] have shown that cyanide is formed by glycine ox-
idation and is further oxidized to cyanate [17–19]. The present study is
consistent with the earlier ones. The potential dependence of the inten-
sity of the cyanate bandwas similar to that of the 1700-cm−1 band and
totally different from that of cyanide band (Fig. 2B).
The band at 1700 cm−1 has not been reported in earlier studies
of glycine adsorption/oxidation, but interestingly a similar band
has been observed at the same frequency in earlier IRAS studies of
adsorption/oxidation of methylamine [20] and urea [21,22] on
Pt(100). Huerta et al. [20] assigned this band to adsorbed NO that
was formed by the oxidation of methylamine, while Climent et al.
[21,22] assigned it to ν(C = O) of ureylene biradical species
(HNCONH) bonded to the surface via two nitrogen atoms. The former
assignment is not applicable to the present case because adsorbed
NO should be oxidized to NO2 in the Au surface oxidation region
where the 1700-cm–1 band is observed. The adsorption of urea as
ureylene biradical species, originally proposed by Bezerra et al. [23],
is supported by the theoretical study by Garicia-Hernandez et al.
[24]. We do not think the observation of the band at 1700 cm−1 in
the three different systems being accidental because there is a possi-
bility of urea formation by the oxidation of glycine and methylamine
as discussed below. In fact, a spectrum similar to that in Fig. 3b was
observed also in the PB solution containing urea, as the inset to Fig. 3
shows. Ureylene biradical species was not detected in an earlier IRAS
study of urea adsorption on Au(111) and Au(100) electrodes [25],
but the IR spectrum of adsorbed urea (ureylene biradical) can be
sensitive to the crystallographic surface structures as in the case of
Pt electrodes [21,22,24–26]. Such a complexity does not allow us the
full interpretation of the spectra at high potentials, but it is noted
that the adsorbed ureylene biradical species is inactive because its
characteristic band at 1700 cm–1 is observed only when no oxidation
current ﬂows (Fig. 2B).
Marangoni et al. [5] proposed through electrochemical measure-
ments that the oxidation is initiated by the cleavage of the Cα–C
bond of adsorbed glycine to yield CO2 and methylamine radical,
which is followed by hydrolysis of the radical to ammonia andformaldehyde. The initial step was concluded to be rate determining,
which is consistent with the stable infrared spectrum of adsorbed gly-
cine. Formaldehyde can be oxidized to CO2 directly or via formic acid
as on Pt [27]. The infrared spectroscopy conﬁrmed that cyanide is also
formed and oxidized to cyanate at high potentials. It is well known
that the reaction of cyanate and ammonia give urea (Wöhler synthe-
sis [28]). It is worth noting that the bands we ascribed to ureylene bi-
radical species appear in parallel to the cyanate band (Fig. 3b). The
situation will be the same for methylamine oxidation: one electron
transfer yields methylamine radical [5] and the production of cyanide
has been conﬁrmed by IRAS [20]. Since urea has not been identiﬁed in
chemical analysis of reaction products [5], ureylene biradical is pre-
sumably formed only at the surface.
4. Conclusion
ATR-SEIRAS coupled with cyclic voltammetry conﬁrmed that gly-
cine in its zwitterion form is adsorbed on Au via two oxygen atoms
of its COO group with the Cα–C bond perpendicular to the Au surface.
Spectral results also provided the evidence for the formation of
cyanide and cyanate during glycine oxidation. Chemical reaction of
cyanate and ammonia occurs at high potentials to yield ureylene bi-
radical specie adsorbed via two nitrogen atoms. Adsorbed ureylene bi-
radical species is electrochemically inactive. Although the information
available from SEIRAS is limited to stable adsorbates on the electrode
surface, the mechanism of glycine electrooxidation can reasonably
be explained by combining with earlier experiments.
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